Ion-association reactions in aqueous solution involving a color reaction have been used for the determination of ionic substances. 1 Quaternary ammonium ions were determined by the use of Bromothymol Blue 2 and Orange G. 3 Methyl Orange analogues have been also used for the spectrophotometric determination of ionic surfactants. 4, 5 Recently, the ion-association reaction of Methyl Orange analogues with quaternary ammonium ions in an aqueous solution has been analyzed by a spectrophotometric method, where the hydrophobicity of both the pairing cations and the pairing anions was proved to contribute to an enhancement of the ion associability in an aqueous solution. 6 However, the analysis methods proposed previously were limited to such reactions as to cause a spectrum change; for example, the ion-association reaction of the dye (Methyl Orange analogues) anions with symmetrical quaternary ammonium ions, such as tetrabutyl-and tetrapentyl-ammonium ion, could not induce any significant spectrum change, and an analysis of the reaction was impossible. 6, 7 The present authors aimed to analyze the ion-association reaction in an aqueous solution, and adopted a capillary-electrophoretic method. The ion-association reactions were investigated from the view points of hydrophobicity 8 , the charge number 8 , basisity 9 , multipoint interaction 10 , hydration 11 , and the stacking of aromatic moieties. 12 These interactions were proved to contribute to the ion associability in an aqueous solution.
In this study, some novel Methyl Orange analogues were synthesized for an investigation of the ion-association reaction in an aqueous solution. The ion-association constants of Methyl Orange analogues with some quaternary ammonium ions were determined by the capillary-electrophoretic method. The contribution of the methylene group of quaternary ammonium ions to the ion-association constants (K ass ) was found to be about 10 0.06 , whereas the contribution of the methylene group of the Methyl Orange analogues was found to be smaller than the 10 0.06 value.
Experimental

Apparatus
A Beckman (P/ACE 5500B) capillary electrophoresis system, equipped with a P/ACE DAD detector, was used. A fused-silica capillary, purchased from GL Sciences, was attached to the system; the size of a capillary was a 57 cm in total length, a 50 cm in effective length from the sample injection point to the detector, and was a 75 µm in inner diameter. A System Gold software on an IBM personal computer was used for analyzing the electropherograms.
Reagents
Methyl Orange was purchased from Tokyo Kasei Kogyo. Other Methyl Orange analogues were synthesized according to the reported method 4 by the alkylation of aniline with bromoalkane, the diazotization of p-anilinesulfonic acid with sodium nitrite and coupling of the diazonium ion with the alkylanilines in an acetic acid medium. The synthesized reagents were used after recrystallization in methanol. In the synthesis of monoalkyl aniline derivatives, the amount of bromoalkane was adjusted to equivalent moles to that of aniline. The Methyl Orange analogues used in this work and their abbreviations are shown in Fig. 1 . Components of the migrating buffer, such as sodium tetraborate (borax) and some quaternary ammonium bromides (Q + ·Br -), were purchased from Wako and Tokyo Kasei Kogyo, respectively.
Procedure for CZE measurement
A migrating solution containing 10 mM borax buffer (pH 9.2) and a certain amount of an ion association reagent, quaternary ammonium salt, was filled both in a cathodic and an anodic reservoir, as well as in a capil-lary. A sample solution containing 2×10 -5 M Methyl Orange analogues was injected into the capillary hydrodynamically from the anodic end for 3 s by applying pressure. A voltage of 20 kV was then applied and electrophoresis was started. The analytes, dye anions, were spectrophotometrically detected at 470 nm on the cathodic end of the capillary. The capillary was kept in a compartment thermostated at 35˚C during the measurements. The electrophoretic mobility was calculated in the ordinary manner.
Results and Discussion
Electropherogram and the electrophoretic mobility of Methyl Orange analogues
Methyl Orange analogues are present as monovalent anions at the alkaline pH region, and the ion associability with quaternary ammonium ions can be determined by analyzing the decrease in the mobility of the dyes, Methyl Orange analogues, measured by the electrophoretic method. A typical electropherogram is shown in Fig. 2 . The migration times of the analytes, four dyes in this case, were longer than that of the electroosmotic flow (EOF), which indicates that the dyes exist as anions. The order of the migration time of the dyes were: BO<PO<EO<MO. This result agrees well with the order of the molecular mass or the molecular volume of the dyes; that is, the electrophoretic mobility of heavier and/or larger ion should be small. The electropherogram also shows that the dialkyl-substituted dyes are preferably synthesized without impurities. Five kinds of monoalkyl derivatives could be separated well by electrophoresis, and the order of their mobility also agreed with the order of the molecular mass. The migration order of the dye anions did not change even in the presence of quaternary ammonium ion in the migrating solutions at the concentration levels examined.
The apparent electrophoretic mobility of the dye anions with each migrating solution, -µ ′ ep , was calculated, and the -µ ′ ep values obtained were plotted against the concentrations of pairing cations, as in Fig. 3 . The -µ ′ ep values decreased with increasing the concentrations of quaternary ammonium ions, and the degree of the decrease was found to be larger when bulkier cations were used.
Ion-association analysis based on the mobility change
In the determination of the ion-association constants, 594 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 an analysis method using the change in the -µ ′ ep values was proposed earlier by the authors. 8 In the present study, the formation of a 1:1 ion associate between the quaternary ammonium cation and the dye anion was supposed, as in the previous paper, and the reaction and the equilibrium constant are presented by (1) (2) where Q + , AD -and K ass are the quaternary ammonium ion, the dye anion, and the ion-association constant, respectively.
The apparent electrophoretic mobility of the anion, -µ ′ ep , is represented as follows from a mass balance concerning AD -and Eq. (2): (3) where -µ ep and -µ epIA are the electrophoretic mobility of the dye anion and its ion associate, respectively. The ion associates formed should be electrically neutral; therefore, the mobility of 1:1 ion associates, -µ epIA , was assumed to be zero. To determine the ion-association constants, a non-linear least-squares method was used, similarly as in the previous work. 8 The obtained K ass values are summarized in Table 1 . The plots and curves shown in Fig. 3 are the experimental and the simulated results, respectively. The experimentally obtained and the simulated results agree well with each other.
Factors contributing to ion associability
In previous papers, the contribution of a methylene group of symmetrical quaternary ammonium ions to the ion associability (K ass ) was found to be about 10 0.06 . 7, 8 The ion-association constants obtained in this work were plotted against the number of methylene groups of Q + (Fig. 4) . The logarithmic values of K ass increased in the order of 0.06 per one methylene group of the cations, although it diverges with smaller quaternary
ammonium ions. Though some of the diverse results can be attributed to the larger errors of the constants, because of fewer mobility changes, the hydrophobicity of methyl and ethyl groups seems to be not so different from each other.
The contribution of alkyl groups of amino groups of methyl orange analogues on the ion associability was considered as follows. The alkyl groups of the dye anions exist at the opposite end of the anionic moiety, -SO 3 -, of the reagents; therefore, the inter-ionic distance between a pairing cation and a pairing anion would not differ so much due the kind of the dye anions. This is the reason why the contribution of the methylene group to the K ass value is smaller than 10 0.06 , and is about 10 0.02 -10 0.03 per one methylene unit, though the K ass values increased with an increase in the molecular volume of the dye anions.
The ion-association constants are compared among the dye anions possessing the same molecular mass, such as EO and mBO, and PO and mHxO, from the view point of the structural effect. As can be seen from the values given in ion-association constants are not affected by the structure of the anionic dyes; the number of methylene groups or the degree of hydrophobicity contribute mainly to the ion associability.
In this study, the ion associability of Methyl Orange analogues with quaternary ammonium ions was examined. The contribution of the methylene moiety to the ion associability was in good agreement with a previous study; 10 0.06 for symmetrical ion. However, the contribution of the methylene groups of the alkylamino groups was found to be smaller than 10 0.06 , and was 10 0.02 -10 0.03 .
